The direct incorporation of terminally oxidized n-alkane substrates into the cellular lipids of hydrocarbon-utilzing organisms has been well documented. This incorporation occurs in an array of organisms including bacteria (5, 6, 10, 13, 14) , fungi (4, 7) , and yeasts (8, 15) . The direct assimilation of 1-alkenes (C14 through C18) into the lipids of bacteria after carboxylation of the methyl group distal to the unsaturation has also been reported in bacteria (6, 14) and fungi (4) . The presence of cyclohexyl-substituted fatty acids in the lipids of two mycobacterial strains after growth of the organisms on heptadecylcyclohexane or dodecylcyclohexane has been demonstrated (2) . The amount of cyclohexylsubstituted fatty acid in the phospholipids of the organisms can exceed 50o of the total. Ketones of the appropriate length, e.g., 9-heptadecanone, apparently are not incorporated by the mycobacterial strains tested (6) .
The widespread occurrence of the direct incorporation phenomenon in microbes and the variety of compounds assimilated led us to assess the incorporation of chlorinated alkanes into-our mycobacterial strains. An earlier report (17) presented no evidence that the polar lipids of an Acinetobacter sp. contained chlorinated fatty acids after growth on chlorinated alkanes. This report is concerned with the incorporation of terminally chlorinated n-alkanes into the cellular lipids of (16, 18) and Mycobacterium convolutum R22 (3). Stock cultures were maintained on the L-salts medium of Leadbetter and Foster (12) with n-hexadecane (0.2% vol/vol) or propane (50150 vol/vol with air) as substrate. Both of these organisms grow readily on a broad array of substrates, ihcluding the alkanes from ethane to eicosane.
Media and growth conditions. The organisms were cultured on liquid hydrocarbons as previously described (2) . Chloroacetic acid (Sigma Chemical Co., St. Louis, Mo.) and 3-chloropropionic acid (Aldrich Chemical Co., Milwaukee, Wis.) were neutralized with 10 N NaOH and maintained as 5% solutions. The neutralized compounds were sterilized by filtration and added aseptically to the culture medium. After 4 days growth on a rotary shaker at 26°C, the cells were harvested by centrifugation and rinsed gently with petroleum ether. Experimentation indicated that substrate was removed from cells by this treatment with- with 15% diethylene glycol succinate on Gas-Chrom Q (60/80) was employed. The column temperature was 180°C, and the detector and injector temperatures were 275 and 195°C, respectively. The carrier gas was N2 at a flow rate of 80 ml/min, and the N2 purge flow was 20 ml/min.
Mass spectrometric analyses of FAME. Positive identification of chlorinated FAME was accomplished by combined GLC-mass spectrometry. The samples were analyzed on a Finnigan 4023 mass spectrometer (Finnigan Corp., San Jose, Calif.). The gas chromatography separation was achieved on a glass column (6 ft [ca. 182.88 cm] by 2 mm, inside diameter) containing 10%o SP2330 (Supelco, Inc., Bellefonte, Pa.). The column was temperature programmed from 175 to 200°C at a rate of 5°C/min. The initial temperature of 175°C was held for 1 min before programming, and the temperature of 200°C was held for 9 min before bakeout of the column at 250°C for 10 min. The carrier gas was helium with a flow rate of 20 ml/min. Zonal temperatures were: injector, 225°C; transfer line, 250°C; and jet separator, 250°C.
The mass spectrometer conditions were a source temperature of 270°C and scan parameters of 50 to 500 m/z with a 2-s cycle time. Initial GLC-mass spectrometry analyses were performed in the electron impact (El) mode with an analyzer pressure of 2.5 x 10' torr. The samples were analyzed a second time to obtain chemical ionization spectra. The methane chemical ionization (MCI) reagent gas was introduced via the makeup gas inlet between the jet separator and the ion source. The source pressure was maintained at an apparent pressure of 0.25 torr as indicated on the source TC gauge. Analyzer pressure was 3.5 x 10-5 torr. The sample volume for injection was 2 p.l out of a total volume of 100 ,lI.
RESULTS
Cellular fatty acids in M. vaccae and M. convolutum were determined by GLC after growth of the organisms on n-hexadecane, noctadecane, 1-chlorohexadecane, and 1-chlorooctadecane. A James plot (9) of the GLC retention times for FAME present in M. convolutum after growth on 1-chlorohexadecane indicated the presence of a family of compounds apparently different from the fatty acids normally encountered in this organism (Fig. 1) . GLC analysis employing a system equipped with an electron capture detector suggested the presence of chlorine in this family of compounds. The structures were then determined by GLCmass spectral analysis.
A GLC profile of the fatty acids in M. convolutum after growth on 1-chlorohexadecane is presented in Fig. 2 . The structure of each of the compounds represented by a lettered peak in Fig. 2 was confirmed by mass spectral analysis. The intensities of characteristic fragments from chlorinated and normal fatty acids are shown in Table 1 .
The El and MCI mass spectra of peaks b, c, and d (Fig. 2) are shown in Fig. 3 and 4 . The El mass spectrum of peak b (Fig. 3A) (Fig. 3C) . The increased intensity at M+ + 2 (mle 306) and the ratio of fragments mle 304:mle 306 indicated that chlorine was incorporated into this compound. The MCI mass spectrum of peak d (Fig. 4C ) gave an abundant ion at mle 305 (M + 1)+ which is accompanied by a fragment at mle 333 (M + C2H5)+. The ratios of fragments mle 305:mle 307 and mle 333:mle 335 also indicate that this compound contains chlorine. The EI and MCI mass spectral data of peak d indicate that the compound is the methyl ester of w-chlorohexadecanoic acid.
GLC profiles of strain JOB5 grown on CIC16
showed a symmetrical peak at a retention time identical to compound e (Fig. 2) . Mass spectral analyses of that compound from strains JOB5 and R22 confirm the purity of this peak and suggest that the peak represents the w-chlorinated unsaturated hexadecanoic acid methyl ester (molecular weight of 303). Mass spectral analyses and retention time data suggest that compound g (Fig. 2) is the methyl ester of wchloro-10-methyloctadecanoic acid (molecular weight of 347), although the site of the methyl branch is not certain at this time.
The fatty acid profiles of M. vaccae and M. convolutum after growth on n-hexadecane, noctadecane, 1-chlorohexadecane, and 1-chlorooctadecane were determined, and the results are presented in Table 2 . The major fatty acids in n-hexadecane-grown cells were 16 carbons in length (72% in M. convolutum and 90% in M. vaccae). An equivalent substrate effect was obtained with n-octadecane as substrate with 18 carbon fatty acids predominant (43% in M. convolutum and 50W in M. vaccae). Chlorinated fatty acids (Cl-fatty acids) comprised the major portion of the total cellular fatty acids of the organisms after growth on the chlorinated alkane substrates ( Table 2) . Growth of M. convolutum on the chlorinated alkanes resulted in a high level of chlorination in the cellular fatty acids, a total of 74.6% when grown on 1-chlorohexadecane and 86.1% with 1-chlorooctadecane as substrate. Lesser'amounts were incorporated by M. vaccae where the results were 55.6 and 56.9%, respectively. The majority of the Cl-fatty acids in the organisms were of a chain length equivalent to or shorter than that of the substrate, although there was some evidence of chain lengthening in M. convolutum after growth on 1-chlorohexadecane. These cells contained both ClC18:1 (1.5%) and branched C1C19 (1.3%).
Evidence for an a-oxidation pathway is indicated by the presence of CIC15 in M. convolutum after growth on 1-chlorohexadecane.
Neither present and that these compounds were not lipids of the organisms examined. This assimilaincorporated into cells.
tion occurred in a manner equivalent to that previously shown for n-alkane substrates. Data DISCUSSION presented in Table 2 for the fatty acid cymposi-
The evidence presented suggests that selected tion of M. vaccae and M. convolutum grown on chloro-alkanes were oxidized to the homologous n-alkanes confirmed previous studies (1, 5, 6, Cl-fatty acid and directly incorporated into the 10, 11) on direct incorporation of terminally oxidized n-alkanes into cellular lipids. Thus, organisms grown on 13-to 17-carbon n-alkanes contain a greater level of fatty acid of a chain length equivalent to that of the substrate than fatty acids of other chain lengths. Shorter-chain fatty acids are also present and these result from ,-oxidation of the substrate, as suggested by the presence of significant levels of 15-carbonlength fatty acids in Mycobacterium rhodocrous OFS after growth on n-heptadecane (5).
The fatty acid composition of the organisms, after growth on 1-chlorohexadecane or 1-chlorooctadecane, indicated that the substrates were oxidized at the methyl end of the molecule and that the resultant Cl-fatty acid was assimilated into cellular lipids. A majority of the fatty acids in both mycobacterial strains studied were chlorinated after growth on the chlorinated substrates. M. convolutum R22 had 75% Cl-fatty acids after growth on 1-chlorohexadecane and 86% after growth on 1-chlorooctadecane. M. vaccae JOB5 incorporated somewhat less (56 and 57%, respectively) Cl-fatty acid.
It is evident that P-oxidation was involved in convolutum after growth on 1-chlorohexadecane. An equivalent chain lengthening was less obvious in M. vaccae (traces present).
These results indicate that the chlorinated alkanes can be added to the list of n-alkanes, alkenes, and cyclohexylalkane derivatives that can be incorporated into the fatty acids of hydrocarbon-utilizing organisms. Previous studies from this laboratory suggested that alkanes (5), 1-alkenes (6) , and cyclohexylalkanes (2) can be assimilated by mycobacterial strains after terminal carboxylation. The incorporation of chlorinated compounds, however, may have greater environmental significance than the assimilation of the other hydrocarbon substrates.
